Abstract: 4-Amino-3-hydrazino-1,2,4-triazole (AHT) was developed as a divalent cation. The multivalent structure can be used to increase the number of nitrogenrich heterocycles, thereby increasing the heat of formation and improving the detonation performance. Herein we report on a family of divalent energetic salts, which exhibit excellent properties, viz. acceptable density, good detonation performance, and desirable thermal and impact stabilities. The structural features of the salts were further determined by single-crystal X-ray diffraction. In addition, the detonation properties calculated for these energetic salts identified them as competitively energetic compounds.
Introduction
Nitrogen-rich energetic salts are of great interest because their properties can be changed by careful choice of the component ions [1] [2] [3] [4] [5] . By combining the appropriate backbones with suitable functional groups, the energetic properties can be tuned and improved [6] [7] [8] . Nitrogenous heterocycles, such as triazole [9] [10] [11] , tetrazole [12, 13] , triazine [14, 15] , and tetrazine [16, 17] , provide good backbones for the discovery of new energetic compounds. Such heterocycles are often modified by functional groups such as -NH 2 and -NH−NH 2 to act as cations.
The incorporation of hydrazino groups increases the heat of formation of the entire molecule and the density, and also lowers the sensitivity [12] . Amino groups are often incorporated into azole heterocycles because their derivatives A divalent cation can pair with two oxygen-enriched anions, which are useful in increasing the density and improving the detonation performance [31] . However, to the best of our knowledge, research on divalent cations is lacking. The introduction of two oxygen-enriched anions into energetic salts will increase the oxygen balance and the density of the entire molecule. Furthermore, the multivalent structure can increase the number of nitrogenrich heterocycles, thereby increasing the heat of formation and improving the detonation performance. Both amino and hydrazino groups behave as electronwithdrawing groups in these heterocycles while forming energetic salts. Hence, the incorporation of both amino and hydrazino groups into a heterocyclic ring enables it to be protonated to form a divalent cation.
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Because of the protonation of the groups -NH 2 and -NH−NH 2 , 4-amino-3-hydrazino-1,2,4-triazole (AHT) may be protonated by strong mineral acids such as HNO 3 [32] . Although AHT has been reported in some literature [33, 34] , no systematic reports on the physical properties of the structures were given for the compounds. The effect of functional groups such as -NH 2 and -NH−NH 2 on the triazole moiety, and the divalent cationic characteristics of the 1,2,4-triazole backbone, are also unknown.
Herein, we report the synthesis of a series of AHT-based energetic salts, as well as their significant physical and energetic properties. By comparing these Guanidine hydrochloride was refluxed in 3 equiv. of hydrazine hydrate at 110 °C for 2 h, to yield triaminoguanidine hydrochloride (TAG•HCl) [35] [36] [37] . Refluxing TAG•HCl in formic acid and removal of the solvent produced a viscous residue, from which a moderate yield of 4-formamido-3-formylhydrazino-triazole hydrochloride 1 was isolated. 1 was then hydrolyzed by hydrochloric acid and water (1:1 ratio) to form 4-amino-3-hydrazino-1,2,4-triazolium dihydrochloride 3. Five energetic salts 5-9 based on oxygen-rich anions and the AHT cation were then synthesized (Scheme 2). Such salts would be expected to have relatively high oxygen contents. Compounds 5-9 were readily synthesized from 3 in methanol or water by anion exchange with silver perchlorate, silver dinitramide, silver 5-nitrotetrazolate, silver 5-nitrotetrazolate-2N-oxide, and silver 5-nitroiminotetrazolate, respectively. By treating 3 with a stoichiometric amount of NaHCO 3 , 4-amino-3-hydrazino-1,2,4-triazole (AHT, 4) was isolated. Compounds 5-9 can also be prepared by treating AHT with the corresponding acid.
X-ray crystallography
The crystal structures of 5•1.5H 2 O and 7 were determined by single-crystal X-ray diffraction. The structures of 5•1.5H 2 O and 7 are shown in Figures 1 and 2 
Physicochemical properties
The AHT salts have acceptable thermal stability with decomposition temperatures ranging from 126.7 °C (6) to 173.9 °C (9). Except for 6, which melts at 85.6 °C, the other salts decompose without melting. Except for 9, all of the salts show two exothermic peaks, which result from the secondary decomposition of the salts. [32] . This result shows that the introduction of an extra oxygen-enriched anion can sharply increase the density. This increase may be attributed to the higher oxygen content of the anions.
It may be seen from Table 1 that most of these multivalent energetic salts exhibit positive heats of formation, salt 7 showing the highest value of 2.12 kJ·g . The salts containing double anions have higher densities and higher heats of formation than those with a single anion. As seen in Figure 3 , the compounds in which AHT is paired with two oxygen-enriched anions possess higher densities and heats of formation. The introduction of an extra dinitramide to AHT increased the density and the heat of formation of the entire molecule by 0.05 g·cm −3 and 331.7 kJ·mol The AHT-based compounds have moderate nitrogen content, some of them exceeding 50% and reaching as high as 69%. Most of the salts considered in this study exhibit a good oxygen balance. In particular, the oxygen balance of compounds 5 and 6 are 10.2% and 9.8%, respectively. Compound 9 has a significant negative oxygen balance of −32.8%, since it possess a single anion.
The detonation pressures (P) and detonation velocities (D) of the resulting AHT salts were calculated using the EXPLO5 program (version 6.01). The calculated P and D values of the salts fall in the range 25.6-40.9 GPa and 8170-9592 m·s Impact sensitivity measurements were performed using the Bruceton method on a type 12 tooling. Salts 7 and 8 with impact sensitivities of 4.5 J and 4.0 J, respectively, are highly sensitive explosives. Salt 6 is sensitive with an impact sensitivity of 6.9 J, suggesting that it can be a primary explosive. Based on the relatively high detonation properties, good thermal stabilities and reasonable impact sensitivities, the multivalent AHT based energetic salts show potential for use as energetic materials. 
Conclusions
In this article, we have prepared and fully characterized a new family of energetic salts based on AHT divalent cations. These salts are thermally stable between 126.7-173.9 °C. The structures of 5•1.5H 2 O, and 7 were confirmed by singlecrystal X-ray diffraction. The densities of the AHT salts fall within the range 1.795 g·cm −3 (9) to 2.168 g·cm −3 (5) . Most of the salts have reasonable impact sensitivities (4-30 J). Based on the EXPLO5 v6.01 calculations, all of these salts exhibit relatively high detonation performances. We may safely conclude that the divalent cation, paired with two oxygen-enriched anions, will increase the heat of formation of the entire molecule and the density, in addition to improving the detonation performance. The amino and hydrazino groups were proven to be good moieties for developing new energetic divalent cations. Studies on other divalent cations are currently underway.
Experimental
Caution: Although we experienced no difficulties in handling these materials, the high positive heats of formation can render the compounds unstable.
4-Amino-3-hydrazino-1,2,4-triazolium dihydrochloride (3): Triaminoguanidine hydrochloride (TAG•HCl) (2.81 g, 20 mmol) was added to formic acid (b.p. 100.8 °C, 15 mL). The mixture was stirred and refluxed at 100-110 °C for 2 h. The excess volatile formic acid was removed under partial vacuum to recover a viscous, resinous residue. 4-Formamido-3-formylhydrazino-1,2,4-triazole hydrochloride (1) was isolated from this residue in moderate yield. The viscous residue was dissolved and stirred vigorously in dilute hydrochloric acid at 80 °C. As the reaction progressed, white crystals of 4-amino-3-hydrazino-1,2,4-triazolium dihydrochloride (3) precipitated. The product was filtered off and washed with several aliquots (50 mL total) of ice-water. The product was dried under high vacuum, and resulted in a good yield (2.28 g, 61%) of 3. 4-Amino-3-hydrazino-1,2,4-triazole (4): Compound 3 (1.87 g, 10 mmol) was dissolved in distilled water (30 mL). While stirring, sodium bicarbonate (10 wt.%, 16.8 mL) was added dropwise. The colorless solution turned purple. The mixture was stirred for 60 min, and the solvent was then evaporated in vacuo to produce a purple mixture. The mixture was recrystallized from methanol and dried in air to produce a purple solid, 4 (yield 78%, 0.91 g). MS m/z (ESI General procedure for the preparation of the energetic salts 5-9
MS m/z (ESI
To obtain energetic salts 5-9, solutions of silver perchlorate, silver dinitramide, silver 5-nitrotetrazolate, and silver 5-nitrotetrazolate-2N-oxide (10 mmol) in distilled water (20 mL), or silver 5-nitroiminotetrazolate (5 mmol) in distilled water (10 mL), respectively, were added dropwise to a solution of compound 3 (0.935 g, 5 mmol) in distilled water (20 mL) . After stirring at room temperature for 1 h, the precipitate was filtered off and rinsed with distilled water (10 mL). The solvent (filtrate) was evaporated in a vacuum, the residue was recrystallized from methanol and dried in air to give the target product. 
